Kv7.2 and Kv7.3 (encoded by KCNQ2 and KCNQ3) are homologous subunits forming a widely expressed neuronal voltage-gated K + (Kv) channel. Hypomorphic mutations in either KCNQ2 or KCNQ3 cause a highly penetrant, though transient, human phenotype--epilepsy during the first months of life. Some KCNQ2 mutations also cause involuntary muscle rippling, or myokymia, which is indicative of motoneuron axon hyperexcitability. Kv7.2 and Kv7.3 are concentrated at axonal initial segments (AISs), and at nodes of Ranvier in the central and peripheral nervous system. Kv7.2 and Kv7.3 share a novel ~80 residue C-terminal domain bearing an "anchor" motif, which interacts with ankyrin-G and is required for channel AIS (and likely, nodal) localization. This domain includes the sequence IAEGES/TDTD, which is analogous (not homologous) to the ankyrin-G interaction motif of voltage-gated Na + (Na V ) channels. The KCNQ subfamily is evolutionarily ancient, with two genes (KCNQ1 and KCNQ5) persisting as orthologues in extant bilaterian animals from worm to man. However, KCNQ2 and KCNQ3 arose much more recently, in the interval between the divergence of extant jawless and jawed vertebrates. This is precisely the interval during which myelin and saltatory conduction evolved. The natural selection for KCNQ2 and KCNQ3 appears to hinge on these subunits' unique ability to be coordinately localized with Na V channels by ankyrin-G, and the resulting enhancement in the reliability of neuronal excitability.
Introduction

The Kv7 subfamily: scientifically novel, evolutionarily ancient voltage-gated K + channels
The large "voltage-gated-like" channel superfamily consists of genes for voltage-gated K + , Ca 2+ and Na + and related channel subunits [1] . These channels' principal subunits possess homologous transmembrane pore and voltage sensor domains, but divergence during evolution has resulted in differences in intrinsic functions (e.g., selectivity among permeant ions, kinetics of opening and closing, sensitivity to voltage, etc.), regulation by proteinprotein interactions and second messengers, cell-type pattern of expression, and subcellular localization [2, 3] . Although members of the Kv7 family of voltage-gated K + channels underlie important and extensively studied currents in heart, nerve, brain, and epithelia, they were the last major group of voltage-gated channels to be cloned, probably due to technical difficulties in RT-PCR of their unusually long, GC-rich transcripts [4] . Though initial cDNA cloning efforts were unrewarded, disease gene hunts ultimately tracked the Kv7 channel genes down. Aided by the mapping of the human genome, a first Kv7 family member expressed in heart was cloned at the genetic locus of the inherited cardiac arrhythmia, long QT syndrome 1 [5] . This gene, initially called KvLQT1, was soon renamed KCNQ1. Subsequently, homologues were cloned at the two loci for the epilepsy syndrome, benign neonatal familial seizures, and named KCNQ2 and KCNQ3 [6] [7] [8] [9] . Additional genomic searches allowed cloning of two additional related genes, KCNQ4 and KCNQ5 [4, 10] . Although brought to light only recently, the KCNQ genes are evolutionarily ancient and highly conserved. One gene is present in cnidaria (e.g., jellyfish, EC, unpublished); two genes, orthologous to human KCNQ1 and KCNQ5, are present in bilaterian genomes from worm to man [11, 12] . As discussed below, KCNQ4, and later, KCNQ2 and KCNQ3, evolved more recently by gene duplications in vertebrates [11] .
Kv7 subunits have novel C-terminal domains involved in channel assembly, regulation by membrane phospholipids, and subcellular targeting
The protein products of the KCNQ1-5 genes have been assigned the corresponding names Kv7.1 to Kv7.5 [13] , though many papers also refer to the subunit polypeptides and assembled channels as KCNQ1-5. Like nearly all voltage-gated K + channel subunits, Kv7 subfamily members have 6 transmembrane segments encompassing voltage sensor and pore forming domains, and intracellular N-and C-termini (Fig. 1A) . Despite their conventional membrane topology, however, Kv7 subunits differ conspicuously from other Kv subfamilies, in 3 respects: (1) Kv7 subunits lack the N-terminal T1 domain which controls tetramerization in Kv1-Kv4 channels [14, 15] ; (2) all Kv7 subunits instead possess a unique tetramerization domain in their C-termini, which bears no homology to T1 [16, 17] ; (3) all Kv7 subunits share a conserved domain in the proximal C-terminal region near S6, containing residues which coordinately bind the membrane lipid phosphatidylinositol 4,5 bisphosphate (PIP2) [18, 19] . Lastly, the most C-terminal ~80 residues of the vertebraterestricted Kv7.2 and Kv7.3 subunits comprise a conserved ankyrin-G binding domain which is absent in all other known genes (including the other Kv7 subunits) [12, 20] . The evolutionary origin and role of this domain as a molecular anchor mediating retention and colocalization with Na V channels at axonal initial segments and nodes of Ranvier is discussed below.
Kv7 channels gate relatively slowly, and can be reversibly modulated by G-protein coupled receptors, protein-protein interactions, and drugs
Kv7 subunits are the molecular constituents responsible for several important K + currents previously identified and studied by electrophysiologists. Kv7.1 (along with a small accessory subunit KCNE1) underlies the slow K + current that repolarizes ventricular myocytes and thereby ends systolic contraction [21] ; mutations in either KCNQ1 or KCNE1 cause dominantly or recessively inherited arrhythmias, depending on the severity of the functional defect [22] . KCNQ1 (with KCNE1) and KCNQ4 are both expressed in the inner ear and mutations in each of the genes can cause deafness [23] . Though not known to be linked to disease, Kv7.5 channels are widely expressed in neurons and muscle, and contribute to the medium and slow afterhyperpolarizations that modulate responsiveness in many neurons [24] .
Kv7 channels have been characterized functionally through expression in Xenopus oocytes and mammalian cell lines, and through studies of the native currents using drugs to isolate the currents or comparisons between wildtype and Kv7 transgenic mice. All the subunits form channels which are activated very slowly (exponential time constants of ~30 to several 100 ms) by depolarization, non-inactivating, and rapidly inhibited by treatments that deplete membrane PIP2 concentrations and thereby cause PIP2 dissociation from its Kv7 C-terminal binding sites [25] . Many cells, including neurons, possess G-protein coupled receptors that can activate phospholipase C and deplete PIP2 within seconds. Where present, this pathway (GPCR-PLC-PIP2-Kv7 channel) represents a rapid, reversible mechanism for increasing membrane excitability. One exception to this general scheme is noteworthy: coassembly of Kv7.1 with KCNE3 produces a chronically active, voltage-independent "leak" channel, which is important for K + transport in gastrointestinal and tracheal epithelia [26] . A large number of Kv7 opener drugs have been identified which promote channel opening by shifting the voltage-dependence of activation to hyperpolarized potentials [27] . Thus, Kv7 channels can be modified in their intrinsic function over an exceptionally broad range, from nearly complete inhibition (by the GPCR-PLC-PIP2 depletion mechanism) to chronic, complete activation. Knowledge of the physiological functions served by the exceptional susceptibility of Kv7 channels to these modulations remains quite incomplete. Additional studies have implicated A-kinase anchor proteins, calmodulin, ubiquitination, and phosphorylation in Kv7 modulation (as reviewed recently [18, 28] ).
Kv7 subunit tetramerization is not promiscuous
All K + channels are formed by four pore modules that together build the ion selective filter and surround the water-filled transmembrane ion pathway. In each of the classical Kv1, Kv2, Kv3, and Kv4 channel subfamilies, coassembly of subunits within a family is permitted promiscuously, but coassembly between subunits of different subfamilies does not occur. By contrast, the 5 mammalian Kv7 subunits have diverged sufficiently to prevent promiscuous coassembly even within the subfamily. Kv7.1 subunits form homotetrameric channels, and can coassemble with the small accessory subunits of the KCNE family, but not with other Kv7 subunits [4] . Kv7.2, Kv7.4, and Kv7.5 can each homotetramerize, and also form heterotetramers with Kv7.3 [29] [30] [31] . Kv7.4 and Kv7.5 also can coassemble [32] . Kv7.3 subunits can homotetramerize, but such Kv7.3 homotetramers are non-functional in Xenopus oocytes and yield small currents in most experiments using mammalian cell lines. The cause of absent or diminished Kv7.3 homotetramer surface expression is probably intracellular retention of these channels, and, compelling but surprising evidence implicates a residue near the pore selectivity filter as critical for this [33] . Coassembly of Kv7.2 with Kv7.3 markedly enhances both surface abundance and opening probability, compared to Kv7.2 homotetramers. In sympathetic neurons, functional Kv7.2 homomeric channels are expressed early in development and Kv7.2/7.3 heteromers predominate later [34] The intracellular C-terminal tetramerization domain is critical for setting the limits on Kv7 tetramerization, and residues important for this have begun to be mapped through a combination of mutational and structural studies [16, 17] . 
M-current: a releasable restraining force on neuronal excitability
During the 1970s, studies of invertebrate neurons first showed that voltage-channels could be modified in their properties through activation of metabotropic receptors and intracellular messengers, leading to changes in synaptic strength that provided correlates of behavioral adaptation and learning [35] . This paradigm was extended to vertebrates in 1980 when Brown and Adams identified the M-current,or I M , in frog sympathetic neurons [36] . I M was a slowly activating, non-inactivating voltage-gated current that could be nearly completely inhibited by application of acetylcholine or muscarinic agonists. The current required depolarization to be fully activated, but was partially active at rest, thus exerting a hyperpolarizing influence upon the resting membrane potential. I M had no influence on the shape of the action potential-its rates of opening and closing were too slow, and its peak amplitude too small. These slow kinetics, however, allowed I M to activate cumulatively during a long subthreshold depolarization or a burst of action potentials. In this way, the small, slow current could have considerable influence on firing responses, delaying the onset of and/or hastening the termination of a burst of spikes. These findings were later extended to many mammalian central and peripheral neuronal types, indicating that I M was a widely deployed, restraining influence on neuronal firing [2, 37] . Furthermore, many different metabotropic receptors, were, like muscarinic receptors, capable of inhibiting I M , thereby causing increased excitability that might contribute to plasticity at the circuit and behavioral levels.
The slow nodal current, IK S : a dampener of nodal excitability
Nearly coincident with the discovery of I M , Debois described a second novel K + current, with similar features, at the node of Ranvier. It had recently been shown that mammalian myelinated fibers lacked a prominent, fast, "delayed rectifier" K + channel like that present in the squid giant axon and frog myelinated nerve [38, 39] . Dubois showed that myelinated nerves possessed a slowly activating, non-inactivating K + current that contributed to the resting membrane potential [40, 41] . The amplitude of the nodal slow current, or IK S , was small, about 1/40 th that of the Na + current, yet it exerted a significant influence on firing thresholds, caused adaptation during prolonged depolarizing current injections, and was precisely confined to the unmyelinated gap at the node [42] . Although Dubois noted the similarities between I M and IK S [40] In the absence of molecular information about the two currents or specific pharmacological tools, the relationship between them was not further characterized for over 20 years. The issue was finally illuminated through clinical and genetic studies of human neurological disorders.
Neonatal epilepsy can be due to mutations in KCNQ2 or KCNQ3
The neurologist Andreas Rett, best remembered for describing Rett's syndrome, the severe, X-linked neurodevelopmental disorder of girls, also first described a dominantly inherited epilepsy syndrome affecting infants [43] . In this form of epilepsy, called benign familial neonatal seizures, or BFNS, onset occurs precisely in the middle of the first week after term birth; in cases of premature birth, onset is delayed until the equivalent gestational age is reached [44] . Seizures recur, sometimes with great frequency, for up to about 3 months, but they then remit, and outcomes are generally good. Two loci, on chromosome 20 and chromosome 8, were identified by linkage analysis [45, 46] . KCNQ2 was found at the chromosome 20 locus; KCNQ3 was found on chromosome 8 [6] [7] [8] . In brain, KCNQ2 and KCNQ3 mRNAs are widely expressed in an overlapping pattern, and brain Kv7.2 and Kv7.3 proteins can be efficiently and reciprocally coimmunoprecipitated [29, 47] . In heterologous cells, the two subunits preferentially coassemble in 2:2 stoichiometry to form channels that recapitulate the I M functional profile [34, 48, 49] . In sympathetic neurons, careful pharmacological profiling reveals that a fraction of I M is mediated by Kv7.2 homotetramers [34] . In several families with seizures due to KCNQ2 mutations, myokymia was also observed [50] [51] [52] . Myokymia is a repetitive wave-or wormlike involuntary movement in muscle, with specific features on clinical electromyographic testing, indicative of spontaneous, aberrant, repetitive firing in the axons of lower motor neurons of the brainstem or spinal cord [53] . Mutations in KCNA1, encoding the subunit Kv1.1 which is expressed both in brain and along peripheral axons, cause the human disorder, episodic ataxia with continuous myokymia (or EA-1) [54, 55] . Together, these findings indicated that Kv7.2, like Kv1.1, likely had a role on motor axons. Using Kv7.2 specific antibodies and isolated sciatic nerve fibers, Devaux et al. found that Kv7.2 was precisely colocalized with Na V channels and ankyrin-G at nodes of Ranvier [56] . Subsequent studies showed that Kv7.3 was also highly concentrated at many sciatic nerve nodes, where it colocalized with Kv7.2, Na V channels, and ankyrin-G [20, 57] .
Kv7.2 mediates the IK S in large axons from rat sciatic nerve
Schwarz and colleagues combined in vitro voltage-clamp studies of isolated single axons, in vivo recording from intact nerves, behavioral pharmacology, and immunostaining, to analyze the role of Kv7 channels at the nodes of Ranvier of large motor axons [57] . Under voltage-clamp, the nodal IK S was eliminated by Kv7-selective blockers linopirdine, XE-991, and TEA. The Kv7 selective opener, retigabine, increased IK S and shifted its voltagedependence to hyperpolarized voltages, effects also seen on I M and heterologously expressed Kv7 subunits [27] . In vivo nerve recordings had previously demonstrated that a period of reduced excitability of about 200 ms occurred after spike trains were elicited by extracellular stimulation [58] . This "late subexcitability" period was eliminated by Kv7 blocker treatment. In vivo, Kv7 blocker treatments abolished adaptation in myelinated motor axons, leading to aberrant repetitive firing. Together, the physiological data strongly suggested that in the largest rat sciatic nerve fibers, which include motoneuron axons, IK S was mediated by Kv7.2 homotetramers. Consistent with this, Kv7.2 and Kv7.3 were colocalized at the nodes of small and medium sized axons (primarily, sensory fibers), but only Kv7.2 could be detected at the largest diameter fibers.
Kv7.2 and Kv7.3 are localized at many axon initial segments
The node and AIS share many protein components, and in both locations, ankyrin-G plays a central role as an organizing scaffold protein (see reviews by Rasband and Leterrier et al., this volume). Kv7.2/Kv7.3 immunostaining has been found at AISs of many neuronal types in many brain regions, including ventral horn motoneurons, stellate, basket, Purkinge, and granule cells in the cerebellar cortex, pyramidal cells throughout the neocortex and hippocampus, and at the unmyelinated spike initiation zones at afferent endings of the cochlear nerve [20, 56, 59, 60] . This list is far from exhaustive, as a systematic catalogue of Kv7 AIS staining has not been performed. The results described here do not preclude the possibility that in some neurons, a portion of Kv7.2 and Kv7.3 subunits are distributed to locations other than the AIS and nodes, including presynaptic terminals and the soma [34, 61, 62] .
KCNQ2 and KCNQ3 are retained at AISs by interaction with ankyrin-G
The C-termini of Kv7.3 and Kv7.2 contain peptide sequences that are similar but not identical to the sequence shown to mediate interaction between Na V channels and ankyrin-G (Fig. 1A, Fig. 2C ). Evidence indicates that the Kv7 sequence mediates both ankyrin-G interaction and channel concentration at AISs. Kv7.2 and Kv7.3 fail to localize at AISs of cerebellar neurons from transgenic mice lacking ankyrin-G expression in these cells [20, 63] . Transmembrane fusion proteins bearing the intact cytoplasmic Kv7.2 or Kv7.3 C-terminal domains redistribute ankyrin-G to the cell surface of HEK cells. These same fusion proteins are strongly retained at the AISs when expressed by hippocampal neurons in dissociated culture. Both the surface redistribution of Ankyrin-G in HEK cells and targeting of the Kv7.2 and Kv7.3 C-terminal domain-containing fusion proteins to AIS in cultured neurons are abolished by mutation of the putative ankyrin-G interaction motif [20, 64] .
Kv7 channel function in the AIS
AP initiation by Na V channels in the AIS has recently been demonstrated through studies using direct patch clamp recordings from the axon [65, 66] . Because Kv7 currents are expected to be much smaller and are susceptible to rundown by dialysis of intracellular PIP2, recording their activity in the axon is especially challenging. Nonetheless, recent studies using extracellular perfusion of blockers, intracellular perfusion of ankyrin-binding mimetic peptide, and computational modeling have supported the hypothesis that the Kv7.2/ Kv7.3 channels localized in the AIS are functional and modulate spike initiation and adaptation [67] [68] [69] .
5. Voltage-gated Na V and KCNQ2/3 channel interaction with ankyrin isoforms arose sequentially during the evolution of early chordates and vertebrates Pan et al. showed that ankyrin interaction motifs were absent from the Na V and Kv7 channels of fly, worm, and mollusks, but present in Na V and Kv7 channels cloned from zebrafish, birds, and mammals [20] . This was paradoxical, since Na V and Kv7 are distant homologues, and their other known homologous sequences (e.g., voltage sensors, pore modules) are found in all species. Additional investigation revealed, however, that ankyrin interaction was not present in the common ancestor gene of the Na V and Kv7 channels, but instead arose much more recently, during the early evolution of the phylum chordata.
The Na V channel anchor sequence arose in a common ancestor of extant chordates
Phylum chordata, which is distinguished by the presence of a dorsal nerve cord with an underlying supportive notochord or spinal column, among other features, includes the vertebrates and two closely related invertebrate groups, the cephalochordates and urochordates [70] . The genomes of a model cephalochordate (amphioxus, Branchiostoma floridae) and several urochordates (including the tunicate, Ciona intestinalis) have been cloned [71, 72] , allowing the sequences of their Na V channels to be deduced [73, 74] . Although these genomes contain multiple Na V channel genes, one and only one gene per genome contains a sequence in the intracellular loop between domains II and III which is homologous to the ankyrin-interaction motif of mammalian Na V channels [75] . Phylogenetic analysis shows, further, that all vertebrate Na V channels are derived from the single cephalochordate/urochordate Na V channel that contains the motif [12, 74] (Fig. 2A,  C) . In cephalochordates and urochordates, the Na V channel anchor motif is contained on a single short exon, and thus an insertional event could have been the evolutionary mechanism leading to novel ankyrin interaction of the Na V channels, approximately 550 million years ago [12] .
Neurons from sea lamprey, a primitive vertebrate, lack myelinated axons, but possess narrow initial segments bearing high concentrations of Na V channels
The vertebrates first evolved from chordate ancestors as organisms lacking bony internal skeletons, hinged jaws, and myelinated axons. The sea lamprey, Petromyzon marinus, is a model organism representative of such early jawless vertebrates [76] . Lamprey possesses at least 2 Na V genes; both bear ankyrin-interaction motifs [12] . Furthermore, although P. marinus axons lack myelin and rely on large diameters (like many invertebrates) to achieve higher conduction velocities [77] , the initial segments of these axons are of narrow caliber, have high concentrations of Na V channels, and are the site of action potential initiation [78] . These findings are suggestive of the hypothesis that ankyrin interaction organizes the lamprey AIS and clusters Na V channels there.
The KCNQ2 and KCNQ3 anchor appear first in a common ancestor of jawed vertebrates, in association with myelin and saltatory conduction
Hill et. al. cloned and assembled Kv7 channel sequences from C. intestinalis, as well as from P. marinus and Callorhinchus milii (elephant shark, a model for earliest jawed vertebrates) [12] . Like other invertebrates, C. intestinalis possesses 2 KCNQ genes, encoding orthologues of the mammalian genes KCNQ1 and KCNQ5 (Fig. 2B) . P. marinus KCNQ5 underwent gene duplication, resulting in one of more orthologues of mammalian KCNQ4. In C. milii, however, orthologues of all five mammalian KCNQ genes are present, as is the KCNQ2/KCNQ3 anchor motif (Fig. 2D) . Thus, during the interval between the divergence of lamprey (~500 million years ago) and the origin of ancestral sharks (~430 million years ago) [79] , three steps occurred. First, KCNQ4 underwent a duplication, producing a new gene. Second, this gene evolved the C-terminal domain which interacts with ankyrin. Third, the new gene duplicated again, generating the closely related genes KCNQ2 and KCNQ3 which are conserved in jawed vertebrates from shark to man (Fig. 2B-C) .
The excitozone hypothesis
Clustering of Na V channels at high density by ankyrin is critical for vertebrate forms of neuronal polarity, for rapid and reliable initiation and conduction of action potentials by axons, and for cardiac excitability (see reviews by Rasband, Leterrier et al., and Mohler, this volume). Although the characterization of the molecular components present at the nodes and initial segments is incomplete, many of the key elements are evolutionarily ancient, including ankyrin [80] , spectrin [81] , and the Na V , Kv1, and Kv7 protein families. The evolution of this protein complex followed upon the emergence of new gene duplicates, some of which evolved novel capacity to interact as part of a new type of protein complex on the axon. It is striking that only the vertebrates and their closest evolutionary ancestors show evidence of ankyrin-based NaV and Kv7 clustering, and that the first steps in the evolutionary path were already present in the common chordate ancestor, a small-bodied invertebrate. Because axonal Na V channel clustering makes possible much more rapid action potential initiation and propagation, this evolutionary novelty was integral to the subsequent increase in chordate brain and body size and complexity. The excitozone hypothesis proposes that the clustering of Na V channels by ankyrin represents a key or "watershed" innovation [82] contributing to chordate divergence and success. This hypothesis may be tested by further studies of the deployment and function of ankyrin-clustered Na V channels and other associated proteins in basal chordate and vertebrate model organisms.
Conclusions
The Kv7 channels are evolutionarily ancient and widely expressed in neuronal and nonneuronal cells. The range of functions served by Kv7 tetrameric channels is wide, but in nervous systems, remains quite incompletely described. Vertebrate Kv7.2 and Kv7.3 subunits possess a C-terminal anchor motif, which (at least in mammals, but likely in all vertebrates) mediates interaction with ankyrin-G and clustering near Na V channels at nodes of Ranvier and AISs. KCNQ2 and KCNQ3 are the only known genes possessing Na V -like anchor motifs, and are relatively new genes which evolved 50-100 million years after Na V channels evolved their own anchors conferring the ability to be clustered by ankyrin. The evolutionary conservation of KCNQ2/KCNQ3 genes in vertebrates likely reflects the ability of co-clustered Kv7 channels to make action potential initiation and propagation by clustered Na V channels more robust and reliable. , and the axonal anchor motifs for both channel types are indicated. B) Proposed molecular interactions between jawed vertebrate axonal Na V and Kv7 channels, ankyrin-G, spectrin, and actin. (C) Cartoon indicating location pattern of ankyrin-G dependent Na V and Kv7.2/Kv7.3 clustering on myelinated axons, which mediate AP initiation and conduction (AISs, nodes, and branch points, red). After [12] . [12] .
